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WIDE-BAND TRANSPARENT ELECTRICAL
CONTACTS AND INTERCONNECTS FOR
FPAS AND A METHOD OF MAKING THE

SAME

CROSS REFERENCE TO RELATED
APPLICATIONS

This application 1s related to and claims priority from U.S.
Provisional Application Ser. No. 61/766,217, filed Feb. 19,

2013, which 1s incorporated herein as though set forth 1n full.

This application 1s also related to U.S. patent application Ser.
No. 14/158,962, filed Jan. 20, 2014, which 1s incorporated

herein as though set forth in full.

STATEMENT REGARDING FEDERAL
FUNDING

This invention was made under U.S. Government contract
NROOOO 13 C 0046. The U.S. Government has certain rights
in this 1nvention.

TECHNICAL FIELD

This disclosure relates to focal plane arrays (FPAs), and in
particular to electrical contacts and interconnects for focal
plane arrays.

BACKGROUND

Applications such as wide area surveillance and threat
detection are driving the need for infrared (IR) camera
technology with high density focal plane arrays (FPAs) with
large formats greater than, for example, 5 kx5 k pixels and
with less than, for example, 10 umx10 um pixel size.
Conventional nontransparent metal contacts 1n 3D IR detec-
tors partially cover the active area of the IR detector,
resulting 1n a decrease of external quantum efliciency (QE).
The impact on external QE 1s increasingly worse as the pixel
size 1s reduced. Replacing conventional nontransparent
metal contacts with wideband transparent conductors
(WTC) 1s critical for achieving small pixels without com-
promising detector performance. Wideband transparent con-
ductors 1n focal plane arrays for visible to long wavelength
IR (wavelengths ranging from ~380 nm to 18 um) detectors
can 1mprove detector performance.

In the prior art, an indium bump bonding process has been
used for hybridizing and interconnecting sensor FPAs with
readout integrated circuits (ROICs). However, even the best
present hybridization process has isuflicient yield to meet
the requirements of FPA cameras with large formats. Fur-
ther, more than 4000 kg of force would be needed to
hybridize large format arrays with ROICs using a bump
bonding process, which 1s well beyvond the capability of
hybridization tools.

To address the mdimum bump process limitations, an
heterogeneous integration process may be used, which can
climinates the need for indium bump hybndization. Such a
heterogeneous integration process has been described in
U.S. patent application Ser. No. 14/158,962, filed Jan. 20,
2014, which 1s incorporated herein as though set forth 1n full.
With this heterogeneous integration process, large format
tocal plane arrays can be fabricated by directly bonding an
IR sensor waler to a silicon ROIC wafer followed by
removal of the sensor waler substrate. Then pixel level
interconnects to the ROIC may be fabricated by etching
deep wvias, passivating the via sidewalls, and coating the
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sidewalls of the vias with an electrical conductor. However,
electrical contacts and interconnects made of conventional

nontransparent metal for through substrate via holes result in
a degraded detector fill factor and decreased external quan-
tum efliciency (QE), which limits future scaling of high
density (HD), large format FPAs.

In the prior art, Indium tin oxide (ITO) has been well
established as a transparent conductor 1n the visible wave-
length range. However, ITO has less than 30% transmittance
(T,) m the infrared 6 12 um range with a film sheet
resistance (R ) of 36 £2/sq., as described by D. S. Ghosh, L.
Martinez, S. Gurgola, P. Vergani, and V. Pren, “Widely

transparent electrodes based on ultrathin metals™, Optics
Letters, 34, 325 (2009).

T. Chen, T. Ma, R. C. Baker, “Infrared transparent and

clectrically conductive thin film of In,O; ", Appl. Phys. Lett.
43, 901 (1983) measured a T, of about 16% 26% in the 6 12

um wavelength IR range with a R, ~36 €2/sq. using indium
oxide (In,O).

D. S. Ghosh, L. Martinez, S. Giurgola, P. Vergani, and V.
Prneri, “Widely transparent electrodes based on ultrathin
metals™, Optics Letters, 34, 325 (2009) describe that ultra
thin N1 metal films may have a T, of about 80% 1n the 4 25
um wavelength range with an R ~110 €2/5q.; however that
1s rather high for an ohmic contact.

Z. Wu, 7. Chen, X. Du, et al., “Transparent, conductive
carbon nanotube films”, Science, 305, 1273 (2004) describe
that carbon nanotube (CNT) films may have a T, of about
15% 80% 1n the 1 12 um wavelength range with an R ~30
(2/sq.; however, the wide variation 1n IR transparency, which
1s due to the electronic band structure of CN's, 1s a major
drawback for an IR transparent conductor application. In
general, carbon based materials, including CNTs, have not
been demonstrated to form ohmic contacts.

What 1s needed are electrical contacts and interconnects
for focal plane arrays that have an improved transmittance
(T,) in the visible to infrared range with a low R_. Also
needed are electrical contacts and interconnects that do not
result 1n a degraded detector fill factor and decreased exter-
nal quantum efliciency (QE). The embodiments of the
present disclosure answer these and other needs.

SUMMARY

In a first embodiment disclosed herein, an optical device
comprises an optically transparent and electrically conduct-
ing conductor comprising graphene, a network of metal
nanowires, or graphene integrated with a network of metal
nanowires, wherein the optical device comprises a II VI
compound semiconductor, a III V compound semiconductor,
or InAsSb.

In another embodiment disclosed herein, a focal plane
array comprises a detector array having a plurality of 1I VI,
III V, or InAsSb detectors, each detector having an ohmic
contact and a via hole, a read out integrated circuit bonded
to the detector array, and a wideband transparent conductor
coupled to the ohmic contact and through the via hole
between each respective detector and a respective contact on
the read out integrated circuit for conducting electrical
signals between the detector and the read out integrated
circuit, wherein the wideband transparent conductor com-
prises graphene, a network of metal nanowires, or graphene
integrated with a network of metal nanowires.

In yet another embodiment disclosed herein, a method of
making a focal plane array comprises providing a detector
array having a plurality of II VI, III V, or InAsSb detectors,
cach detector having an ohmic contact and a via hole,
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bonding a read out integrated circuit to the detector array,
and forming a wideband transparent conductor coupled to

the ohmic contact and through the via hole between each
respective detector and a respective contact on the read out
integrated circuit for conducting electrical signals between
the detector and the read out integrated circuit, wherein the
wideband transparent conductor comprises graphene, a net-
work of metal nanowires, or graphene integrated with a
network of metal nanowires.

These and other features and advantages will become
turther apparent from the detailed description and accom-
panying figures that follow. In the figures and description,
numerals indicate the various features, like numerals refer-
ring to like features throughout both the drawings and the
description.

BRIEF DESCRIPTION OF THE

DRAWINGS

FIG. 1A shows a SEM 1mage of a silver nanowire network
spin coated on a Pyrex waler, and FIG. 1B shows a sheet
resistance (Rs) map in accordance with the present disclo-
Sure;

FIG. 2A shows a graph of measurements of the optical
transmittance of silver nanowire network in the visible to
short wavelength IR (SWIR) range using a Pyrex substrate,
and FIG. 2B shows the optical transmittance (T, ) of an Ag
NWI115 network on a GaAs sample substrate measured in
the near infrared to long wavelength IR range 1n accordance
with the present disclosure;

FIG. 3A shows an atomic force microscope (AFM) image
and FIG. 3B shows an optical transmittance curve of epi-
taxial graphene grown on a S1C substrate measured in a
visible to shortwavelength IR range, and shows T,>97% 1s
measured with a single layer epitaxial graphene with
Rs~750 £2/sq. 1n the entire visible and near inirared (NIR)
region 1n accordance with the present disclosure;

FIGS. 4A and 4B show graphs of the IR transmittance of
graphene grown using chemical vapor deposition (CVD)
and transferred onto a GaAs substrate showing a measured
T,>95% 1n the wavelength range of 0.9 16 um for R _~600
1000 €2/5q. 1 accordance with the present disclosure;

FIGS. 5A and 5B show AFM 1mages and FIG. 5C shows
a sheet resistance map of graphene grown using chemical
vapor deposition (CVD) and transferred onto a high sheet
resistance S1 waler 1n accordance with the present disclo-
SUre;

FIG. 6 shows a schematic of a high density detector array
tabricated with wide band transparent conductor (WTC)
based electrical contacts and 1nterconnects for three dimen-
sional (3D) heterogeneous integration with a read out inte-
grated circuit (ROIC) 1 accordance with the present dis-
closure;

FIG. 7A shows a cross sectional view of a 3D vertically
integrated InAsSb IR detector fabricated using WTC based
clectrical contacts and interconnects, and FIG. 7B shows a
SEM 1 Image of an WTC Ag NW (silver nanowire) network
in a via for integration of an IR detector with an ROIC 1n
accordance with the present disclosure;

FIG. 8A shows a simulated external QF improvement
(AQE) versus IR transmittance of an electrical contact
estimated for various pixel sizes based on the increase of IR
absorption area ol an IR detector by replacing non trans-
parent metal contacts/interconnects with wide band trans-
parent conductor (WTC) contacts, and FIG. 8B shows AQE
vs. pixel size estimated for a WTC with T, =90% and for a
WTC with T,=70% 1n accordance with the present disclo-
Sure;
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FIG. 9 compares the sheet resistance and transmittance of
other prior art materials to the Ag NW films 1n accordance

with the present disclosure;
FIG. 10 shows a schematic of a band diagram of Ag on
n+InAsSb in accordance with the present disclosure; and
FIG. 11 shows the optical transmittance TX of an Ag
NW25 network on a GaAs sample substrate measured 1n the
NIR LWIR (near infrared long wavelength IR) range in
accordance with the present disclosure.

DETAILED DESCRIPTION

In the following description, numerous specific details are
set forth to clearly describe various specific embodiments
disclosed herein. One skilled in the art, however, will
understand that the presently claimed invention may be
practiced without all of the specific details discussed below.
In other instances, well known features have not been
described so as not to obscure the invention.

The present disclosure describes IR transparent electrical
contacts/interconnects for IR detectors and focal plane
arrays (FPAs) and a method of making them, which will
enable small pixels less than or equal to 5 umx5 pm 1N S1Z&
with a high fill factor to realize high quantum efliciency in
a large format of greater than 5 kx5 k, for example.

Wide band transparent conductors (WTCs) for electrical
contacts and interconnects are described based on nanostruc-
tured materials, which may be metal nanowires, such as
silver nanowire (Ag NW), metal nanowires, such as Ag NW
integrated with atomic layer deposition (ALD) of ultra thin
(<10 nm) metal film, graphene, and graphene integrated with
nanowires. The WTCs may also be referred to as infrared
transparent conductors (ITCs), when used for infrared detec-
tors.

FIG. 1A shows a SEM 1mmage and FIG. 1B shows a sheet
resistance (R ) map of Ag NW spin coated on a 3 inch pyrex
substrate. FIG. 2A shows a graph of measurements of the
optical transmittance of silver nanowire films (Ag NW) 1n
the visible to short wavelength IR (SWIR) range using a
pyrex substrate, and FIG. 2B shows a graph of transmittance

measurements 1n a near IR (NIR) to long wavelength IR
(LWIR) range using an Ag film NW deposited on a GaAs

substrate. An R_ot1 4 15 €2/sq., and a transmittance of 70 90%
has been measured in the visible to short wavelength IR
(SWIR) range for wavelengths of 400 to 2000 nm, as shown
in FIG. 2A. The Ag NW f{ilms also provide good transmiut-
tance for longer wavelengths, in the NIR LWIR range for
wavelengths of 0.9 17.5 um, as shown i FIG. 2B. For
example, an Ag NW film with an R_ of 19.1 €2/sq. has an
optical transmittance ol greater than 94% over the wave-
length range of 0.9 um to 2.5 um. As the wavelength
increases from 2 um to 17 um, the transmittance decreases
gradually from about 94% to about 80%.

FIG. 3A shows an atomic force microscope (AFM) image
and FIG. 3B shows a graph of the optical transmittance for
epitaxial graphene grown on a S1C substrate measured 1n a
visible to shortwave IR range for wavelengths of 500 to
1200 nm. FIG. 3B shows a T, of greater than 97% 1for a
single layer epitaxial graphene with Rs~750 £2/sq. 1n the
entire visible and near infrared (NIR) region.

FIGS. 4A and 4B show graphs of the IR transmittance for
graphene grown using CVD and transferred onto a GaAs
substrate. The IR transmittance T, 1s shown in FIGS. 4A and
4B to be greater than 95% in the wavelength range o1 0.9 um
16 um. for graphene with a R ~600 1000 €2/sq.

The near constant spectral transmittance of >93%, as
shown 1 FIGS. 3B, 4A and 4B, for graphene measured 1n
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the entire wavelength range of visible to long wavelength IR
1s the highest optical transmittance for wide band transparent
conductor (WTC) materials that has been observed.

The sheet resistance R measured for epitaxial graphene
ranges from 200 730 €/sq. depending on the number of
graphene layers and may be reduced to form electrical
contacts and interconnects by chemical doping or by 1inte-
grating electrically conductive nanowires into the graphene.

Graphene for wide band transparent conductor (WTC)
contacts and interconnects may be grown on a substrate,
which may be metal film or metal foil, using chemical vapor
deposition (CVD), and may be transierred to various target
surfaces, including semiconductors, polymers, and glass.

FIGS. 5A and 5B show atomic force microscope (AFM)
images and FIG. 5C shows a sheet resistance map of
graphene grown using chemical vapor deposition (CVD)
and transierred onto a high sheet resistance S1 water. Dis-
persed flakes of graphene or graphene oxide in solvents may
also be applied to a target surface for wide band transparent
conductor (WTC) contacts and interconnects. Graphene
oxide can be reduced to graphene to be electrically conduct-
ing, by using chemical or optical means.

Wide band transparent conductor (W1TC) materials may
be integrated as electrical contacts and or iterconnects in a
two dimensional (2D) or a three dimensional (3D) configu-
ration for IR detectors and focal plane arrays (FPAs).

FIG. 6 shows a front side 1lluminated detector array 20 for
detecting 1llumination 30. The detector array 20, which may
be a focal plane array, has wide band transparent conductor
(WTC) based electrical contacts 22 on 1ts surface, and WTC
interconnects 24 connected to the electrical contacts 22 and
to contacts 26 on a read out integrated circuit (ROIC) 28.
The contacts 26 on the ROIC may be metal contacts. Each
WTC contact 22 conducts electrical signals from a pixel
detector, which may be a visible or IR detector, to a contact
26 on the ROIC 28 via a WTC electrical interconnect 24.
The three dimensional (3D) heterogeneous integration of the
tocal plane array 20 with the read out integrated circuit
(ROIC) 28 provides a compact volume. The WTC contacts
and 1nterconnects replace conventional nontransparent metal
contacts/interconnects used in the prior art. As a result, the
external quantum ethciency (QFE) and signal to noise ratio
(SNR) of the IR detectors in the FPA 20 are enhanced.

FIG. 7A shows a cross sectional view of one pixel of a
focal plane array with 3D vertical integration of a detector
array with a read out itegrated circuit (ROIC) using WTC
based electrical contacts and interconnects. The detector
array has an array of pixels, each of which may be a visible
or IR detector. For example, an IR detector may be an
InAsSb IR detector. The 3D integration process 1s further
described 1in U.S. patent application Ser. No. 14/158,962,
filed Jan. 20, 2014, which i1s imncorporated herein as though
set forth 1n full. A read out integrated circuit (ROIC) 32 1s
bonded with adhesive 30 to the detector. The detector has an
n+ common contact 34. Each pixel 1s on a mesa and has an
n absorber layer 36, an electron barrier layer 38, and an n+
contact 40. The interconnect from the n+ contact 40 to an
ROIC contact 46 1s through a wideband transparent conduc-
tor (WTC) 44, which may be an infrared transparent con-
ductor (ITC). A via hole, which may be a through compound
semiconductor via (TCSV) hole, 1s formed by etching or
other processes through the detector layers. Then the side-
walls of the via hole are coated with passivation layer 42,
which may be a dielectric. Then the WTC 44 1s formed to
connect to the n+ contact 40 and also formed on the
sidewalls of the passivated via hole to connect to ROIC
contact 46.
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FIG. 7B shows a SEM 1mage of a network of WTC or ITC
silver nanowires (Ag NWs) 44 integrated with a via and
shows the Ag NWs on the sidewalls 50 of the via hole for
interconnect to the ROIC contact 46.

The WTC contacts and interconnects may be integrated in
a 3D structure for a FPA and a ROIC, which has the
advantage of eliminating the need for indium bump bonding,
which 1s currently used to integrate IR detector arrays to read
out integrated circuits (ROIC), as described above. The
WTC contacts and interconnects disclosed herein enable
waler level itegration of small IR pixels, for example, less
than 5 um by 5 um in size to a ROIC. Large format FPAs
may be realized with, for example, greater than 5 kx5 k
formats and an external QE enhancement as high as
AQE~20% compared to conventional non transparent metal
contacts and interconnects.

FIG. 8 A shows a simulated delta QE improvement (AQE)
versus IR transmittance of an electrical contact estimated for
various pixel sizes from 5 umx5 pm to 20 umx20 um based
on an increase of IR absorption area of an IR detector by
replacing non transparent metal contacts and interconnects
with wide band transparent conductor (WTC) contacts and
interconnects. FIG. 8B shows AQE vs. pixel size estimated
for a WTC with T,=90% and for a WTC with T, =70%.

Other materials have been considered for infrared trans-
parent conductors including ultra thin metal films (UTMEF),
metal oxide semiconductors, and carbon nanotube (CNT).
FIG. 9 compares the sheet resistance and transmittance of
these materials to the Ag NW networks of the present
disclosure. Ag NW networks outperform these other mate-
rials as shown by the Ag NW 70 results in the T, versus R
plot of FIG. 9.

It 1s 1mportant for ohmic contacts to be made to detector
diodes. Given the low detector bias voltage of 100 200 mV
in InAsSb IR detectors, a low ohmic contact resistance to n+
InAsSb 1s highly desirable. It 1s known that indium makes a
good n type contact to InAsSb, where InAsSb has a band gap
of 0.17 0.35 eV and a work function (¢) of ~4.9 eV. The
work function difference between In (¢ ~4.12 ¢V) and Ag (¢
~4.26 €V) 1s only 0.14 eV. In the case of GalnAs, which has
a band gap 010.35 1.47 eV, Sn provides a good n type ohmic
contact. The work function difference between Sn (¢ ~4.42
eV) and Ag (¢ ~4.26 V) 1s just 0.16 eV. These small
differences to the closely related III V maternials systems
indicate that Ag can form good n type ohmic contacts to the
n+ InAsSb layer 40 as shown in FIG. 7A.

A simple band diagram of Ag on n+ InAsSb 1s depicted 1n
FIG. 10, showing that Ag (¢ ~4.26 €V) can provide n type
contact to n+ InGaAs (¢ ~4.9 eV) due to the relatively small
work function difference.

Silver nanowire (Ag NW) networks prepared with differ-
ent diameters (25 nm, 60 nm, 115 nm) and aspect ratios were
studied. The best results 1n terms of optical transmittance
and sheet resistance were obtained with Ag NWs with an
average diameter of 115 nm and an average length of 25 um.
FIG. 2B shows the optical transmittance (1, ) of an Ag NW
network prepared with Ag NW115, which indicates Ag NW's
with the average diameter of 115 nm and an average length
of 35 um, on a 3 inch GaAs water. Sheet resistance (R.) of
19 €2/sq. was measured with a uniformity of ~12% over the
3 mch GaAs wafer. In NIR to SWIR, a nearly uniform
optical transmittance of 94% 1s measured with the Ag NW
network 1n the wavelength range o1 0.9 2.5 um, as shown in
FIG. 2B. The optical transmittance gradually decreases with

increasing wavelength, as shown in FIG. 2B measuring
T,~92% at 2 um and T, ~89% at 5 um. An Ag NW network

prepared with AgNW25, which indicates Ag NWs with the
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average diameter of 25 nm and the average length of 23 um,
was also mvestigated. Ag NW25 offers good T, 1n NIR to
SWIR, but the decrease of T, 1s much faster for longer

wavelengths, as shown in FIG. 11. Therefore, for a given R,
a higher T, in MWIR LWIR can be achieved with Ag

NWI115.
For example, FIG. 11 shows a graph of transmittance

measurements 1 a near IR (NIR) to long wavelength IR
(LWIR) range using an Ag film NW25 deposited on a GaAs

substrate. An Ag NW film with an Rs of 96.7 €2/sq. has an
optical transmittance ol greater or equal to 92% over the
wavelength range of 0.9 um to 2.5 um. As the wavelength
increases from 2 um to 17 um, the transmittance decreases
gradually from ~92% to ~60%.

For Ag NW 1ntegration 1n 2 um diameter via holes as well
as other larger via holes, Ag NW25 (average diameter ~25
nm) 1s better suited for via hole integration. Ag NW1135
(average diameter ~115 nm) 1s too stifl to be integrated to via
holes. In terms of IR transmittance, an Ag NW network
consisting of Ag NW115 1s better than that of Ag NW25 1n
a longer wavelength range (IMWIR LWIR), 1n particular.

A process for 3D integration of Ag NWs 1n vias, 1s to first
deposit Ag NW25 1n the via holes and then spin coat Ag
NW115 for top contacts with high optical transmaittance. For
via holes, atomic layer deposition (ALD) of ultra thin (<10
nm) metal film may also be combined with the Ag NW25
deposition.

The present disclosure of optically transparent and elec-
trically conductive conductors may be applied 1n many
optical devices. The focal plane application described above
1s just one such application.

The present disclosure includes the following concepts.
Concept 1. An optical device comprising:

an optically transparent and electrically conducting con-
ductor comprising graphene, a network of metal nanowires,
or graphene integrated with a network of metal nanowires;

wherein the optical device comprises a 11 VI compound
semiconductor, a III V compound semiconductor, or
InAsSh.

Concept 2. The optical device of concept 1 wherein the
optical device further comprises an inirared optical device.
Concept 3. The optical device of concept 1 wherein the
metal nanowires have an average diameter ranging from 10
nm to 150 nm.

Concept 4. The optical device of concept 1 wherein:

the conductor comprises metal nanowires integrated with
ultra thin metal film having a thickness less than 10 nm.
Concept 5. The optical device of concept 1 wherein the
conductor comprises:

metal nanowires with an average diameter of less than
150 nm, an average length of greater than 5 um, a sheet
resistance (R ) of less than or equal to 100 £2/sq., an optical
transmittance (1, ) greater than 85% 1n a visible to a short
wavelength IR wavelength range and greater than or equal
to 75% 1n a short wavelength IR to long wavelength IR
wavelength range.

Concept 6. The optical device of concept 1 wherein the
conductor comprises:

graphene with an optical transmittance (T, ) of greater or
equal to 85% 1from a visible to long wavelength infrared
wavelength range.

Concept 7. A focal plane array comprising:

a detector array having a plurality of II VI, III V, or
InAsSb detectors, each detector having an ohmic contact
and a via hole;

a read out mtegrated circuit bonded to the detector array;
and
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a wideband transparent conductor coupled to the ohmic
contact and through the via hole between each respective
detector and a respective contact on the read out integrated
circuit for conducting electrical signals between the detector
and the read out integrated circuit;

wherein the wideband transparent conductor comprises
graphene, a network ol metal nanowires, or graphene 1nte-
grated with a network of metal nanowires.

Concept 8. The focal plane array of concept 7 wherein the
wideband transparent conductor 1s transparent to infrared
wavelengths.
Concept 9. The focal plane array of concept 7 wherein the
via hole 1s 1n a semiconductor layer and the via hole further
comprises a dielectric on the via hole to passivate the via
hole.
Concept 10. The focal plane array of concept 7 wherein the
metal nanowires have an average diameter ranging from 10
nm to 150 nm.
Concept 11. The focal plane array of concept 7 wherein:
an ohmic contact of the wideband transparent conductor
to the detector comprises metal nanowires having a diameter
of less than or equal to 150 nm; and

a wideband transparent conductor on a sidewall of the via
hole comprises metal nanowires having a diameter of less
than or equal to 70 nm.

Concept 12. The focal plane array of concept 7 wherein:
the wideband transparent conductor comprises metal
nanowires integrated with ultra thin metal film having a
thickness less than 10 nm.
Concept 13. The focal plane array of concept 7 wherein:
cach detector of the plurality of detectors 1s less than or
equal to 10 umx10 um 1n area.
Concept 14. The focal plane array of concept 7 wherein the
detectors operate 1 a wavelength range between visible
wavelengths and long wavelength inirared wavelengths.
Concept 15. The focal plane array of concept 7 wherein the
wideband transparent conductor comprises:

metal nanowires with an average diameter of less than
150 nm, an average length of greater than 5 um, a sheet
resistance (R ) of less than or equal to 100 €2/sq., an optical
transmittance (T, ) greater than 85% 1n a visible to a short
wavelength IR wavelength range and greater than or equal
to 75% 1n a short wavelength IR to long wavelength IR
wavelength range.

Concept 16. The focal plane array of concept 7 wherein the
wideband transparent conductor comprises:

graphene with an optical transmittance (T,) of greater
than or equal to 85% from a visible to long wavelength
inirared wavelength range.

Concept 17. A method of making a focal plane array
comprising;

providing a detector array having a plurality of II VI, 111
V, or InAsSb detectors, each detector having an ohmic
contact and a via hole;

bonding a read out integrated circuit to the detector array;
and

forming a wideband transparent conductor coupled to the
ohmic contact and through the via hole between each
respective detector and a respective contact on the read out
integrated circuit for conducting electrical signals between
the detector and the read out integrated circuit;

wherein the wideband transparent conductor comprises
graphene, a network ol metal nanowires, or graphene 1nte-
grated with a network of metal nanowires.

Concept 18. The method of concept 17 wherein the wide-
band transparent conductor 1s transparent to inifrared wave-
lengths.
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Concept 19. The method of concept 17 wherein the via hole
1s formed 1n a semiconductor layer and the via hole further
comprises a dielectric on a sidewall of the via hole to
passivate the via hole.

Concept 20. The method of concept 17 wherein the metal
nanowires have an average diameter ranging from 10 nm to
150 nm.

Concept 21. The method of concept 17 wherein:

the ohmic contact of the wideband transparent conductor
to the detector comprises metal nanowires having a diameter
of less than or equal to 150 nm; and

a wideband transparent conductor on a sidewall of the via
hole comprises metal nanowires having a diameter of less
than or equal to 70 nm.

Concept 22. The method of concept 17 wherein:

the wideband transparent conductor comprises metal
nanowires integrated with ultra thin metal film having a
thickness less than 10 nm.

Concept 23. The method of concept 17 wherein:

cach detector of the plurality of detectors 1s less than or
equal to 10 umx10 um 1n area.

Concept 24. The method of concept 17 wherein the detectors
operate 1n a wavelength range between visible wavelengths
and long wavelength infrared wavelengths.

Concept 25. The method of concept 17 wherein the wide-
band transparent conductor comprises:

metal nanowires with an average diameter of less than
150 nm, an average length of greater than 5 um, a sheet
resistance (R,) less than or equal to 100 €2/sq., an optical
transmittance (T, ) greater than 85% 1n a visible to a short
wavelength IR wavelength range and greater than or equal
to 75% 1n the short wavelength IR to long wavelength IR
wavelength range.

Concept 26. The method of concept 17 wherein the wide-
band transparent conductor comprises:

graphene with an optical transmittance (1,) of greater
than or equal to 85% from a visible to long wavelength
infrared wavelength range.

Having now described the mvention in accordance with
the requirements of the patent statutes, those skilled 1n this
art will understand how to make changes and modifications
to the present invention to meet their specific requirements
or conditions. Such changes and modifications may be made
without departing from the scope and spirit of the mnvention
as disclosed herein.

The foregoing Detailed Description of exemplary and
preferred embodiments 1s presented for purposes of illus-
tration and disclosure 1n accordance with the requirements
of the law. It 1s not intended to be exhaustive nor to limait the
invention to the precise form(s) described, but only to enable
others skilled 1n the art to understand how the invention may
be suited for a particular use or implementation. The pos-
sibility of modifications and variations will be apparent to
practitioners skilled in the art. No limitation 1s intended by
the description of exemplary embodiments which may have
included tolerances, feature dimensions, specific operating
conditions, engineering specifications, or the like, and which
may vary between implementations or with changes to the
state of the art, and no limitation should be implied there-
from. Applicant has made this disclosure with respect to the
current state of the art, but also contemplates advancements
and that adaptations in the future may take into consider-
ation of those advancements, namely 1n accordance with the
then current state of the art. It 1s intended that the scope of
the invention be defined by the Claims as written and
equivalents as applicable. Reference to a claim element 1n
the singular 1s not intended to mean “one and only one”
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unless explicitly so stated. Moreover, no element, compo-
nent, nor method or process step in this disclosure 1s
intended to be dedicated to the public regardless of whether
the element, component, or step 1s explicitly recited 1n the
Claims. No claim element herein 1s to be construed under the
provisions of 35 U.S.C. Sec. 112, sixth paragraph, unless the
clement 1s expressly recited using the phrase “means
for . . . ” and no method or process step herein 1s to be
construed under those provisions unless the step, or steps,
are expressly recited using the phrase “comprising the
step(s) of . .. .”

What 1s claimed 1s:

1. An optical device comprising:

an optically transparent and electrically conducting con-

ductor comprising graphene, a network of metal
nanowires, or graphene integrated with a network of
metal nanowires; wherein

the optical device comprises a 1I-VI compound semicon-

ductor, a III-V compound semiconductor, or InAsSb;
and

said optically transparent and electrically conducting con-

ductor forming electrical contacts and interconnects of
an integrated circuit 1 said optical device; said elec-
trical contacts and interconnects comprising at least a
via hole interconnection; the via hole interconnection
comprising a via hole coated with a passivation layer,
said optically transparent and electrically conducting
conductor being formed on the passivation layer on the
stdewalls of the passivated via hole.

2. The optical device of claim 1 wherein the optical device
further comprises an 1nfrared optical device.

3. The optical device of claim 1 wherein the metal
nanowires have an average diameter ranging from 10 nm to
150 nm.

4. The optical device of claim 1 wherein the conductor
COmprises:

metal nanowires with an average diameter of less than

150 nm, an average length of greater than 5 um, a sheet
resistance (Rs) of less than or equal to 100 £2/sq., an
optical transmittance (T, ) greater than 85% 1n a visible
to a short wavelength IR wavelength range and greater
than or equal to 75% 1n a short wavelength IR to long
wavelength IR wavelength range.

5. The optical device of claim 1 wherein the conductor
COmMprises:

graphene with an optical transmittance (T, ) of greater or

equal to 85% from a visible to long wavelength infrared
wavelength range.

6. A focal plane array comprising;:

a detector array having a plurality of II-VI, III-V, or

InAsSb detectors, each detector having an ohmic con-
tact and a via hole having sidewalls passivated with a
passivation layer;

a read out mtegrated circuit bonded to the detector array;

and

a wideband transparent conductor coupled to the ohmic

contact and through the via hole between each respec-
tive detector and a respective contact on the read out
integrated circuit for conducting electrical signals
between the detector and the read out integrated circuait;
said wideband transparent conductor being formed on
the passivation layer of said passivated sidewalls;
wherein the wideband transparent conductor comprises
graphene, a network of metal nanowires, or graphene
integrated with a network of metal nanowires.

7. The focal plane array of claim 6 wherein the wideband

transparent conductor 1s transparent to inirared wavelengths.
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8. The focal plane array of claim 6 wherein the via hole
1s 1n a semiconductor layer and the via hole further com-
prises a dielectric on the via hole to passivate the via hole.

9. The focal plane array of claim 6 wherein the metal
nanowires have an average diameter ranging from 10 nm to
150 nm.

10. The focal plane array of claim 6 wherein:

the wideband transparent conductor comprises metal

nanowires integrated with ultra thin metal film having
a thickness less than 10 nm.

11. The focal plane array of claim 6 wherein:

cach detector of the plurality of detectors 1s less than or

equal to 10 umx10 um 1n area.

12. The focal plane array of claim 6 wherein the detectors
operate 1n a wavelength range between visible wavelengths
and long wavelength infrared wavelengths.

13. The focal plane array of claim 6 wherein the wideband
transparent conductor comprises:

metal nanowires with an average diameter of less than

150 nm, an average length of greater than 5 um, a sheet
resistance (Rs) of less than or equal to 100 €2/sqg., an
optical transmittance (T, ) greater than 85% 1n a visible
to a short wavelength IR wavelength range and greater
than or equal to 75% 1n a short wavelength IR to long
wavelength IR wavelength range.

14. The focal plane array of claim 6 wherein the wideband
transparent conductor comprises:

graphene with an optical transmittance (1,) of greater

than or equal to 85% from a visible to long wavelength
inirared wavelength range.

15. A method of making a focal plane array comprising:

providing a detector array having a plurality of II-VI,

III-V, or InAsSb detectors, each detector having an
ohmic contact and a via hole having passivated side-
walls;

bonding a read out integrated circuit to the detector array;

and

forming a wideband transparent conductor coupled to the

ohmic contact and through the via hole having passi-
vated sidewalls between each respective detector and a
respective contact on the read out integrated circuit for
conducting electrical signals between the detector and
the read out integrated circuit;

wherein the wideband transparent conductor comprises

graphene, a network of metal nanowires, or graphene
integrated with a network of metal nanowires.

16. The method of claim 15 wherein the wideband trans-
parent conductor 1s transparent to infrared wavelengths.

17. The method of claim 15 wherein the via hole 1s formed
in a semiconductor layer and the via hole further comprises
a dielectric on a sidewall of the via hole to passivate the via
hole.

18. The method of claim 15 wherein the metal nanowires
have an average diameter ranging from 10 nm to 150 nm.

19. The method of claim 15 wherein:

the ohmic contact of the wideband transparent conductor

to the detector comprises metal nanowires having a
diameter of less than or equal to 150 nm; and
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a wideband transparent conductor on a sidewall of the via
hole comprises metal nanowires having a diameter of

less than or equal to 70 nm.
20. The method of claim 15 wherein:

the wideband transparent conductor comprises metal
nanowires integrated with ultra thin metal film having
a thickness less than 10 nm.

21. The method of claim 15 wherein:

cach detector of the plurality of detectors 1s less than or
equal to 10 umx10 um 1n area.

22. The method of claim 15 wherein the detectors operate
in a wavelength range between visible wavelengths and long
wavelength inirared wavelengths.

23. The method of claim 15 wherein the wideband trans-
parent conductor comprises:

metal nanowires with an average diameter of less than
150 nm, an average length of greater than 5 um, a sheet
resistance (Rs) less than or equal to 100 €£2/sq., an
optical transmittance (1, ) greater than 85% 1n a visible
to a short wavelength IR wavelength range and greater
than or equal to 75% 1n the short wavelength IR to long
wavelength IR wavelength range.

24. The method of claim 15 wherein the wideband trans-

parent conductor comprises:

graphene with an optical transmittance (T,) of greater
than or equal to 85% from a visible to long wavelength
inirared wavelength range.

25. An optical device comprising:

an optically transparent and electrically conducting con-
ductor comprising graphene, a network ol metal
nanowires, or graphene integrated with a network of
metal nanowires; wherein the optical device comprises
a II-VI compound semiconductor, a III-V compound
semiconductor, or InAsSb; wherein:

the conductor comprises metal nanowires integrated with
ultra thin metal film having a thickness less than 10 nm.

26. A tfocal plane array comprising;

a detector array having a plurality of II-VI, III-V, or
InAsSb detectors, each detector having an ohmic con-
tact and a via hole;

a read out integrated circuit bonded to the detector array;
and

a wideband transparent conductor coupled to the ohmic
contact and through the via hole between each respec-
tive detector and a respective contact on the read out
integrated circuit for conducting electrical signals
between the detector and the read out integrated circuit;

wherein the wideband transparent conductor comprises
graphene, a network of metal nanowires, or graphene
integrated with a network of metal nanowires; and
wherein:

an ohmic contact of the wideband transparent conductor
to the detector comprises metal nanowires having a
diameter of less than or equal to 150 nm; and

a wideband transparent conductor on a sidewall of the via
hole comprises metal nanowires having a diameter of
less than or equal to 70 nm.
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